The effects of handle diameter (25~50mm) and handle orientation (horizontal and vertical) on the subjective comfort, maximum torque performance, total finger force, and efficiency of flexor and extensor muscle activity were evaluated in this study. A force glove system containing 16 force sensors was used to measure finger forces, and surface electromyography was used to investigate muscle activities during torque tasks. Overall 35~45mm diameter handles were rated as most comfortable. The average torque outputs were highest with the 45 and 50mm diameter handles in both orientations. Torque output exhibited a positive non-linear correlation with handle diameter, whereas total finger force showed an inverse relationship with handle diameter. The positive non-linear correlation between torque and handle diameter was explained by the relationship between handle diameter, total finger force, and coefficient of friction. Muscle activities and efficiencies of flexor and extensor muscles were also investigated in this study.
Introduction
Many studies have investigated the effect of handle diameters in torque generating and screwdriving tasks. Pheasant and O'Neill (1975) tested various screwdrivers and reported that maximum torque was achieved with a 50mm handle diameter with grooved handles. Shih and Wang (1996) evaluated the effects of handle shapes, handle size, and gloves on maximum voluntary torque. They found that a triangular shaped handle was the most preferred, followed by square, hexagonal, and circular.
The objective of this study was to investigate the effects of handle diameter and handle orientation on maximum torque output, total finger force, efficiency of muscle EMG activity, and subjective perceived comfort in an isometric maximum torque task.
Methods

Subjects
All subjects were right handed and included 12 males and 12 females (age= 20~43 yrs, sd = 4.24).
All subjects were free of known musculoskeletal disorders.
Experimental design
A full factorial design was employed with six cylindrical handle diameters (25, 30, 35, 40, 45 and 50mm) and two levels of handle orientation (horizontal and vertical). Subjects were considered as a random effects variable and the other factors were considered as fixed effects variables. A total of 24 treatment combinations (6 handles, 2 orientations, and 2 trials) were assigned in a random order to each participant.
Dependent Variables
1. The maximum torque was recorded by the LIDO WorkSET II system and averaged over a four-second period. 2. Total finger force was calculated by summing all 16 force sensors. 3. Muscle electrical activity and efficiency of the flexor and extensor activity were recorded for each handle. EMG activity was normalized relative to the maximum value measured among all handles. Muscle efficiency was defined by the ratio of the normalized maximum torque output to the normalized EMG activity of each muscle. 4. Subjective comfort rating was obtained with a 7-point scale for overall finger and hand comfort associated with handles. [very comfortable-7; moderately comfortable-6; somewhat comfortable-5; neutral-4; somewhat uncomfortable-3; moderately uncomfortable-2; very uncomfortable-1]
Apparatus
A force glove system with 16 thin flexible conductive polymer pressure sensors (FlexiForce Sensor, Tekscan Inc.) was used to measure total finger forces in the maximum torque task. The development of this glove system was described by Kong and Lowe (2003) . Sensors were attached on a soft and thin glove over the middle of the phalangeal segments and on the heads of the metacarpal segments (Figure 1 . a).
Surface electrodes (Therapeutics Unlimited Inc., Model 544) were positioned over the flexor digitorum superficialis and extensor digitorum. The electromyographic (EMG) activities were acquired at a sampling frequency of 1000 Hz. The raw signals were digitally filtered using a 6 th order Butterworth filter with a 10-350 Hz pass band, and then expressed as the signal RMS (50 ms). 
Experimental procedure
Vertical and horizontal handle orientations were studied, as seen in Figure 1 . b and c. The heights of the handle from the floor were adjusted for each participant to keep the elbow angle at approximately 90° in the vertical orientation, and to keep the forearm and upper arm straight (180° elbow angle) for holding the handle in the horizontal orientation. All participants wore the force glove when performing the maximum torque exertion which was exerted isometrically in a clockwise direction. At the end of each task, each participant was asked to rate each handle for overall comfort.
Results
Effect of Handle Diameter
Statistical analysis showed that handle diameter had a significant effect on subjective comfort, torque output, and total finger force.
The 40, 45 and 35mm handles were rated as the most comfortable handles followed by the 50 and 30mm handles (see Figure 2 ). The smallest handle (25mm) was rated as the least comfortable. The average torque outputs (4.6 and 4.9Nm) of the 45 and 50mm handles were the largest followed by the 40mm, 35mm, and 30mm handles. The 25mm handle was associated with the smallest torque output (1.9Nm). The maximum torque increased as handle diameter increased, whereas there is a significant negative correlation between the total finger force and handle diameter. The total finger force decreased from 562N to 227.2N as the handle diameter increased.
Handle Diameter (mm) 
Effect of Handle Orientation
Maximum torque output and muscle activity of the flexor and extensor muscles were significantly affected by handle orientations. Average maximum torque in the vertical orientation (3.14Nm) was about 76.6% of that in the horizontal orientation (4.1Nm) (see Figure 3) . Overall the flexor muscle was more active in the horizontal orientation than in the vertical orientation, whereas the extensor muscle is more active in the vertical orientation than in the horizontal orientation. Figure 4 .a shows the maximum torque exerted as a function of handle diameter and orientation. The maximum torque increased as the handle diameter increased in the horizontal orientation, whereas the maximum torques between the 45 and 50mm handles were not significantly different in the vertical orientation. The differences in torque outputs between the vertical and horizontal orientations are greater as handle diameters are increased.
Interaction Effect of Handle Diameter and Handle Orientation
The statistical analysis showed that the interaction between handle diameter and orientation was also a significant factor on the efficiencies of muscles (Figure 4.b) . The torque output and the muscle EMG activities were normalized for each handle diameter and each subject. Efficiency of the muscle activity was defined by the ratio of the normalized torque output to the normalized muscle EMG activity. In general, the conditions maximizing the efficiency of both muscle groups were larger diameter handles in both orientations, i.e., participants exhibited greater torque output with the same amount of muscle activities with the large diameter handles than with the small diameter handles.
With smaller diameter handles, the efficiencies of the flexor and extensor muscles were significantly higher in the vertical handle orientation than in the horizontal handle orientation.
With larger diameter handles, however, the efficiency of the extensor in the horizontal orientation was higher than in the vertical orientation, whereas the efficiency of the flexor in the vertical orientation was higher than in the horizontal orientation. 
Discussion
Participants preferred the 40, 45 and 35mm handle diameters over the smallest handle, 25mm, which had the lowest torque output and the highest total finger force, and the largest handle, 50mm, which had the highest torque output and the lowest total finger force. Therefore, it does not appear that subjective ratings of handle comfort are strongly biased by impressions of torque output or total finger force.
There was a positive relationship between handle diameter and torque output, which showed that the maximum voluntary torque increased as the cylindrical handle diameter increased as seen in Figure 2 . This finding is straightforward and consistent with other studies (Pheasant and O'Neil, 1975; Replogle J., 1983; Shih and Wang, 1996; Habes and Grant, 1997) . However, this relationship is not simply a linear function (Figure 4 .a), because torque (T) is a function of shear force (S) and handle radius (R) and S was obtained by the production of total normal finger force (G) and the coefficient of friction (µ) between the hand and handle surface. Thus, torque is the product of all three components, i.e., T=G*µ*R.
The negative relationship between finger force (G) and handle diameter (2*R) indicated that G decreased as 2*R increased (Figure 2) .
Another relationship between µ and G was investigated based on the torque and handle diameter data in this study [i.e., µ=T/(G*R)]. Figure 5 showed that µ decreased logarithmically as G increased.
Similar inverse relationships were also reported by Buchholz et al. (1988) and Bobjer et al. (1993) .
Therefore, there are complex relationships among the components (G & R and µ & G) in the equation T= G*µ*R, , that is, a negative relationship between total finger force (G) and handle diameter (R), and a logarithmic relationship between coefficient of friction (µ) and total finger force (G). These relationships help explain the positive non-linear relationship between maximum torque (T) and handle diameter (2*R).
The frictional conditions in this study were more complicated than those of previous studies (Buchholz et al., 1988; and Bobjer et al., 1993) which investigated the effects of materials, normal forces, and surface moisture on the friction of human skin. In this study, participants wore the instrumented force glove, thus the frictional conditions included the effects of friction between palmar skin and thin glove as well as between the glove/sensor and cylindrical handle. The average torque capability for females (3.24Nm) was 81.0% of that for males (4.10Nm). This difference is within the range of 71.2%~85.0% reported in previous studies of torque capability in screwdriving tasks (Mital, 1986; Adams and Peterson, 1988; and Mital and Channaveeraiah, 1988) .
The effect of handle orientation on maximum torque showed that torque output in the horizontal handle orientation was 30.6% larger than that in the vertical handle orientation. With a vertical handle orientation, the clockwise torque direction required extension of the wrist which involves the extensor muscles of the forearm, whereas the clockwise torque direction in the horizontal orientation required flexion of the wrist involving more flexor muscle activity. Flexor muscle activity in the horizontal orientation was higher than that in the vertical orientation, whereas extensor muscle activity in the horizontal orientation was lower than in the vertical orientation.
The ratio of normalized torque output to normalized muscle activity was used as an "efficiency" measure: the larger the ratio, the less muscle activation required to produce greater torque output. Results showed that the efficiency of muscle activity increased when the handle diameter was increased. With the smaller handles the vertical handle orientation showed higher muscle efficiencies than the horizontal handle orientation. With the larger handles, the efficiencies of the extensor in the horizontal orientation and the flexor in the vertical orientation were higher than those of the extensor in the vertical orientation and the flexor in the horizontal orientation. Similar finding were reported by Habes and Grant (1997) in the evaluation of two handle diameters (29mm and 37mm) similar to the 30 and 35 mm handle diameters in the present study. They reported that torque was greater when participants used larger handles, and the efficiency of muscles was larger in the vertical orientation than in the horizontal orientation.
